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ABSTRACT: An operando electrochemical stage for the
transmission electron microscope has been conﬁgured to form
a “Li battery” that is used to quantify the electrochemical
processes that occur at the anode during charge/discharge
cycling. Of particular importance for these observations is the
identiﬁcation of an image contrast reversal that originates from
solid Li being less dense than the surrounding liquid
electrolyte and electrode surface. This contrast allows Li to
be identiﬁed from Li-containing compounds that make up the
solid-electrolyte interphase (SEI) layer. By correlating images
showing the sequence of Li electrodeposition and the evolution of the SEI layer with simultaneously acquired and calibrated
cyclic voltammograms, electrodeposition, and electrolyte breakdown processes can be quantiﬁed directly on the nanoscale. This
approach opens up intriguing new possibilities to rapidly visualize and test the electrochemical performance of a wide range of
electrode/electrolyte combinations for next generation battery systems.
KEYWORDS: Operando scanning transmission electron microscopy, SEI layer, in situ electrochemical liquid cell, Li batteries,
Li dendrite formation, Li deposition/dissolution
Lithium (Li)-ion batteries are currently used for a widevariety of portable electronic devices, electric vehicles and
renewable energy applications.1,2 Extensive worldwide research
eﬀorts are now being devoted to more advanced “beyond Li-
ion” battery chemistries, such as lithium−sulfur (Li−S)3 and
lithium−air (Li−O2),4 in which the carbon anode in which Li+
cations intercalate is replaced with Li metal. So far the practical
use of this electrode has been highly problematic. The main
challenges at the anode/electrolyte interface involve controlling
the formation of a solid-electrolyte interphase (SEI) layer
(formed by the reaction of Li metal with electrolyte
components) and the evolution of Li metal dendrites. The
SEI layer formation continuously consumes both the Li metal
and electrolyte, while resulting in a highly resistive layer that
leads to the rapid degradation in Li electrode cycling
performance.5 The growth of Li metal dendrites can also
contribute to an increase in the rate of capacity fading (i.e., due
to the formation of “dead Li” that loses electrical contact with
the electrode) and can cause internal short circuits (when the
dendrites contact the cathode) if they continue to grow, leading
to extreme safety issues.6 Obtaining a detailed understanding of
the fundamental processes occurring at the electrode/electro-
lyte interfaces, especially for the evolution of the SEI and initial
stages of Li dendrite formation, is therefore a key step in
mitigating the degradation in performance (increasing the
lifetime) and addressing safety concerns for Li batteries.
Both transmission electron microscopy (TEM)7 and
scanning transmission electron microscopy (STEM)8 have
been used for many years to solve atomic scale interface
problems in materials science. For the case of Li batteries,
imaging the anode−electrolyte interface is complicated by the
fact that the problem involves a solid−liquid interface rather
than a solid−solid interface (the presence of the liquid creates
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imaging diﬃculties even for the most advanced aberration
corrected instruments7,8). However, recent years have seen a
growth in the use of in situ liquid stages9 that have allowed
nucleation and growth phenomena,10−13 biological systems14
and electrochemical (ec) reactions to be observed.15−21 By
carefully calibrating the eﬀect of the electron beam being used
to make the observations, it is now possible to make truly
quantitative operando observations using these liquid stages.19
In this paper, we use in situ ec-(S)TEM to study the initial
stages of SEI formation and Li dendrite evolution at the anode/
electrolyte interface during the electrodeposition process. To
make sure that the electron beam does not have any eﬀect on
these initial results, the electron beam dose rate is carefully
calibrated to be below the electrolyte damage threshold prior to
operando electrochemical cycling19 (in this case all experiments
use a dose ≤0.3 electrons/Å2/s). As such, typical beam eﬀects
such as the formation of bubbles and/or precipitates from the
breakdown of the electrolyte are completely avoided.
To quantify the electrochemistry that occurs in the operando
stage, we need to fully understand the distribution of electric
ﬁelds at the electrodes. The in situ TEM liquid holder (Figure
1a) used for this experiment was supplied by a commercial
vendor (more details on the stage design are given in
Supporting Information). To provide insight into the location
of the deposition reactions that take place during cycling of the
electrochemical cell, an Ansoft Maxwell static three-dimen-
sional (3D) electromagnetic ﬁnite element simulation was used
to extract quantitative information about the electric ﬁeld
distribution along the Pt working electrode in the ec-microchip.
The simulation (illustrated in Figure 1b) shows the electric ﬁeld
distribution within the electrolyte during a galvanostatic
discharge at a constant current of 0.1 mA/cm2. This analysis
shows that the electrode conﬁguration exhibits a localized
enhancement of the electric ﬁeld gradient and nonuniform
electric ﬁeld distribution along the Pt working electrode surface
Figure 1. (a) Schematic illustration of the in situ ec-liquid (S)TEM stage. (b) ANSYS Maxwell static 3D electromagnetic ﬁnite element simulation of
the electric ﬁeld distribution in the in situ ec-liquid (S)TEM cell containg the LiPF6/PC electrolyte during the galvanostatic discharge at >0.1 mA/
cm2 with the hot spot localized at the top of the Pt working electrode. The legend shows that during electrochemical cycling the in situ ec-liquid cell
exhibits a nonuniform electric ﬁeld distribution along the Pt working electrode. However, as Li deposition (shown in Figure 2) is observed along the
entire length of the Pt electrode, this indicates that a wide range of current densities can be used to initiate the deposition.
Figure 2. High-angle annular dark ﬁeld (HAADF) images of Li deposition and dissolution at the interface between the Pt working electrode and the
LiPF6/PC electrolyte during the (a) ﬁrst, (b) second, and (c) third charge/discharge cycles of the operando cell. The formation of the SEI layer (ring
of contrast around the electrode), alloy formation due to Li+ ion insertion, and the presence of “dead Li” detached from the electrode can all be seen
in the images at the end of the cycle, thereby demonstrating the degree of irreversibility associated with this process.
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with a “hot spot” localized at the top (more details of the
modeling are given in Supporting Information).
After conﬁrming that a deposition reaction is feasible, we
obtained high-angle annular dark ﬁeld (HAADF) STEM images
of the anode/electrolyte interface during the ﬁrst three charge−
discharge cycles of this operando Li battery. The ﬁrst set of
images (Figure 2a) shows uniform deposition of Li along the Pt
electrode during what is considered to be the charging process.
However, during the ﬁrst discharge, dissolution of Li (i.e., the
formation of Li+ ions) is not perfectly reversible as remnant Li
is observed at the anode/electrolyte interface (the direct link
between the position in the cyclic voltammogram (CV) and the
deposition/dissolution of Li is shown in Supporting Informa-
tion, movies si_002, si_003, and si_004). This residual amount
of Li increases the surface roughness and the electroactive
surface area of the Pt electrode, leading to preferential
enhanced Li growth during the deposition in the second
cycle (note the magniﬁcation change between the ﬁrst and
second cycles). By the time the second cycle is complete, the
interface now contains large sections of material attached to the
interface (Figure 2b). Interestingly, we can also identify patches
of “dead Li” around the electrode in the ﬁnal images in all three
cycles. These are deposits that are no longer attached to the Pt
electrode and so are electrochemically inactive (they do not
participate in the subsequent charge−discharge cycles). As the
third cycle proceeds, shown in Figure 2c, we again observe
rapid growth of the Li deposits and signiﬁcant “dead Li” after
the cycle is complete. In addition to these processes, Pt is
known to alloy with Li and the insertion of Li+ ions can be
recognized by the expansion of the Pt electrode during the
deposition/charging process and shrinking during the dis-
solution/discharge process.
The STEM images shown in Figure 2 are formed by mass−
thickness contrast; typically, a material that is either thicker or
has a higher atomic number, Z, (or both) scatters electrons
into/out of the detector to form the dark-ﬁeld/bright-ﬁeld
image. In the bright-ﬁeld image (so named because the
background in the image representing zero scattering is bright),
this means that the heaviest/most dense/thickest materials
appear dark while in the dark-ﬁeld image (so named because
the background in the image representing zero scattering is
dark) the heaviest/most dense/thickest materials appear bright.
Here, however, close inspection of the contrast in the dark-ﬁeld
(and bright-ﬁeld) images shows that the contrast is in fact
reversed for the particles deposited during the electrochemical
cycle. In the bright-ﬁeld image, the particles are brighter than
the background while in the dark-ﬁeld image they are darker
than the background. To obtain a contrast reversal of this type,
the electrodeposited material must be lighter/less dense than
the electrolyte surrounding it. In the electrochemical processes
for Li batteries in general and in this operando cell in particular,
the only solid material that is less dense than the electrolyte is
Li metal.
The identiﬁcation of Li metal from the contrast of the images
shown in Figure 2 can be conﬁrmed by the simulations shown
in Figure 322 (more details on the simulation parameters are
given in Supporting Information). Here some dust left over
from the microfabrication process for the cell windows
(probably either Si, SiOx, or SixNy) is shown in the dark-ﬁeld
images with the correct contrast (the dust is on the outside of
the windows and has no eﬀect on the electrochemistry in the
cell). After the electrochemical deposition process, the
nanoparticles formed at the working electrode can be seen
beneath the dust as having the reversed contrast while the dust
itself has the correct mass−thickness contrast. Given that the
contrast occurs in the location where the assumption is that the
material being deposited is a Li dendrite, we can perform image
simulations to evaluate whether this is the case. Also shown in
Figure 3 is a dark-ﬁeld simulation for a 10 nm Li particle
embedded in an electrolyte with a density of ∼1 g/cm3. It is
evident from the simulations that pure Li causes the contrast
reversal that is seen in Figure 2. Additionally, if there is the
presence of a Li alloy (Li is known to alloy with Au and Pt
electrodes) then the contrast would revert to the normal
expectation for mass−thickness contrast with only a 1% content
from the heavier metal (Figure 3d−f). If we consider the
density of Li metal and the other possible electrolyte
breakdown products in this system, only Li metal has a density
that is lower than the electrolyte. This means that the amount
of Li metal that is deposited on the electrode can be quantiﬁed
directly from these images (more details on the simulations are
given in Supporting Information).
Figure 4 shows another experiment performed in the
operando ec-cell under the same conditions but with extended
cycling. After extended cycling of the cell, we can see clearly the
structural changes occurring at the electrode. In addition to
observing the Li around the electrode (with reversed contrast),
we can also see the SEI layer (the SEI layer is observed as the
Figure 3. Images (a) and (b) show the particle on the outside of the
window before and after the deposition of Li metal nanoparticles from
a lithium triﬂuoromethanesulfonate (LiTf) in tetraglyme (TEGDME,
saturated with O2) electrolyte. The contrast of the dust particle in the
HAADF image (a) appears brighter than the background (electrolyte,
LiTf in TEGDEM/O2), which is due to the higher density of the
particle than the surrounding electrolyte. After the Li deposition, the
contrast of the dust particle versus the electrolyte solution remains the
same (b). However, the Li metal shows contrast reversal because it has
a lower density (0.51 g/cm3) than both the LiTf in TEGDEM/O2
electrolyte (1.01 g/cm3) and the dust particle. Simulations of the
contrast expected for dark-ﬁeld images of 5 nm nanoparticles
composed of (c) Li, (d) Li + 1% Au, (e) Li + 5% Au, and (f)
Li2O2 shows contrast reversal only happens for pure Li metal. This is
because only Li metal (of all the possible breakdown products) is less
dense than the electrolyte (g).
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bright line around the electrode and highlighted with the red
dotted line) and a Li protrusion that has been formed beneath
the SEI layer at the location of the hot spot shown in Figure
1.23−25 Cracks in the SEI layer caused by the stresses of Li
diﬀusion26 are also observed, as are the presence of small
nanoparticles separated from the interface that have a similar
contrast as the SEI layer and “dead Li” (again clearly identiﬁed
by the contrast mechanism). In addition, Li insertion into the
Pt electrode has now become signiﬁcant (the interface is
expanded and nonuniform as marked by the dotted blue line)
and isolated patches of Li are present within the anode.
By using a multitarget tracking algorithm,27 we located and
tracked the trajectories of the growing Li deposits from the
video sequences illustrated in Figure 2 (and Supporting
Information movies si_002, si_003, and si_004) to determine
the overall amount of Li deposited during each cycle (Figure
5). From the quantiﬁed Li deposition curves shown in Figure
5b, we ﬁnd a critical diﬀerence between the ﬁrst cycle and the
subsequent second and third cycles. As expected from the
images in Figure 2, the initial deposition takes place on a
smooth Pt electrode and results in an even distribution of Li on
the surface. The subsequent cycling of the Pt electrode results
in uneven deposition of Li due to increased surface roughness
(which is a consequence of the irreversible process of Li
deposition in the previous cycle) with an increased amount of
dead Li around the electrode surface. Similar conclusions on
the irreversibility of the charge−discharge cycles and the
amount of Li deposited can be extracted from the three CV
cycles shown in Figure 5a. In particular, the diﬀerence between
the sum of the currents passed through the ec-cell during the Li
deposition and dissolution processes gives a direct indication of
the level of irreversibility of each charge/discharge cycle.
Furthermore, Li−Pt dealloying28 from the Pt electrode can be
recognized by the two characteristic peaks between −2.0 and
−2.5 V (more visible in the second and third CV cycles).
Interestingly, when we measure the expansion (alloying) and
Figure 4. (a) −(d) HAADF images of the interface between the Pt
working electrode and the LiPF6/PC electrolyte after cycles 5−8. The
growth of a Li subsurface structure (dendrite)26 can be clearly seen at
the position of the electric ﬁeld hot spot in Figure 1. Additionally, the
SEI layer is well formed and clearly seen as is the presence of Li
insertion/alloy formation with the Pt electrode and dead Li not in
contact with the electrode (the lines are added to emphasize the main
structural features; the red line shows the outside of the bright contrast
SEI layer while the blue line shows the outline of the Pt electrode).
Figure 5. (a) CVs for the ﬁrst three cycles shown in Figure 2. (b) The
area of Li deposited at the Pt electrode−LiPF6/PC electrolyte interface
measured by the tracking algorithm (note that the variability in the
third scan and the small increase in overall Li deposit is likely caused
by some of the Li being pushed out of the ﬁeld of view). (c) The net
charge density measured from the CV curves (= |ΣV iV|/υ × Aelectrode),
where the υ is the scan rate of 20 mV/s and Aelectrode is the area of the
electrode, is plotted against the amount of Li electrodeposited (here
for simplicity we assume that the Li deposits are the nominal thickness
of the cell = 650 ± 100 nm and multiply this by the area determined
from the algorithm in part (b)) and the thickness of the SEI layer
(here the error bars are estimated from the standard deviation and are
±25 nm at most). The plots show a change in the relative importance
of these secondary mechanisms (i.e., mechanisms that decrease the
Coulombic eﬃciency) with the total current deposited in the cell
(note the total electrode area is 250 μm2 and the total time for the
scan was 400 s).
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contraction (dealloying) of the electrode from the movies
(si_002, si_003, and si_004) we note that the size of the Pt
electrode is essentially the same after the cycle has completed,
indicating that the process is reversible within the limits of
these TEM measurements. Hence, although Pt electrodes are
not standard for Li batteries, they do not appear to have a
signiﬁcant eﬀect upon the irreversible processes taking place
here during the ﬁrst three cycles (as is shown in Figure 4,
extended cycling does show a noticeable and irreversible eﬀect).
From the diﬀerence between the total current that was
required to initiate the Li deposition and dissolution shown in
Figure 5a, we can quantify the net current that takes part in all
of the irreversible processes that are occurring. Figure 5c shows
the plot of the net charge density against the amount of Li that
we measure from the tracking algorithms to be deposited in the
cell after each cycle (the electrode area is 250 μm2 and the total
time for the scan was 400 s). As we can see clearly in Figure 4,
the images also allow for the identiﬁcation of the SEI layer (the
SEI layer is also observed in Figure 2, but at the magniﬁcation
of the images shown in Figure 2 it cannot be seen. A higher-
magniﬁcation image that shows the identiﬁcation of the SEI
layer is shown in the Supporting Information Figure S1). This
layer does not exhibit the same “reversed” contrast as the Li
deposits and hence must be composed of a material that is
denser than the electrolyte, making it straightforward to identify
the Li deposits from the SEI layer. Using the same tracking
algorithm we can precisely measure the thickness of this layer
as a function of the total current passed through the cell
(plotted in Figure 5c). As a ﬁrst approximation, we can assume
the behavior is linear and quantify directly the growth of the
SEI layer to be 0.05 μm/(C/cm2) and the amount of Li
deposited to be 6.26 μm3/(C/cm2) from the slope of the ﬁt to
the experimental results (here the r2 value for the SEI layer line
ﬁt is 0.99 while for the amount of Li deposited the r2 value is
0.82. The smaller r2 value for the Li deposit is likely caused by
Li being pushed out of the window of observation during the
third cycle). Both of these measures can be used as ﬁgures of
merit for the stability of the electrode−electrolyte interface.
Interestingly, we can see from Figure 4 that the SEI layer
thickness stabilizes (presumably around the fourth cycle for this
experiment) and does not signiﬁcantly grow with further
cycling. With the extended cycling, however, we can see the
diﬀusion of Li through the SEI layer and the formation of a
granular Li protrusion (Figure 4).
In conclusion, we have shown that by creating the battery
within an in situ stage for the scanning transmission electron
microscope (STEM), we have been able to quantify the
features that control the performance of Li-containing energy
storage systems. Most notably, we have identiﬁed the contrast
mechanism that allows the mass of Li involved in electro-
deposition and the evolution of the SEI layer to be quantiﬁed
directly from the images and correlated with the electro-
chemical parameters of the cell. Future improvements in cell
fabrication (electrodes with diﬀerent alloying performance and
control of the thickness) coupled with the use of faster imaging
methods,29 should permit the initial stages of each of the
mechanisms to be quantiﬁed on the nanometer to atomic scale.
Such analyses, coupled with the use of varying electrolyte
compositions (i.e., solvents, salts and additives), may provide
critical insights into the complex interfacial reactions needed for
future Li-based and next generation energy storage systems.
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